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EFFECT O F  SLOT WIDTH ON TRANSITION AND NOISE ATTENUATION 

O F  A FLAT SOUND SHIELD IN A MACH 6 WIND TUNNEL 

P. Calvin Stainback, William D. Harvey, 
and Andrew J. Srokowski 
Langley Research Center 

SUMMARY 

A technique for attenuating the radiated noise in  supersonic and hypersonic wind 
tunnels by the use of a sound radiation shield in  the tes t  section has  been investigated. 
The conceptual model w a s  planar with a sharp flat leading edge faired into an a r ray  of 
0.635-cm-diameter (0.25-in.) rods alined parallel to the local flow, with adjustable gaps 
between them for boundary-layer removal and laminarization by suction. Tests  were 
conducted a t  Mach 6 for  three gap widths over a wide range of unit Reynolds number for 
angles of attack of 5' and 10'. 

For a ratio of gap diameter to rod diameter of 0.16, the flow w a s  laminar a t  the 
most windward ray over the entire model length of 0.61 m (2 ft) at a maximum local 
length Reynolds number of 14 x 106. A 45-percent reduction of the tunnel f ree-s t ream 
normalized root-mean-square pressure  level was measured within the shielded region for 
this gap spacing when the boundary layers  on the rods were laminar. For  the smaller  
ratios of gap diameter to rod diameter of 0.12 and 0.068, the transition Reynolds number 
and the sound attenuation decreased. 

Boundary-layer calculations show that viscous blockage effects in  the gaps are sig­
nificant at  low unit Reynolds numbers and smaller  gap widths. The "flow quality" o r  uni­
formity of the mean flow field above the rods is satisfactory to within 1 rod diameter of 
the rod array.  To prevent transmission of lee side noise back into the shielded region, 
theoretical and experimental resul ts  indicate that the c ross  flow in the gaps should be 
sonic. 

Rod diameter, gap width, unit Reynolds number, and probably the leading-edge fair­
ing determine the design and performance of a complete sound shield for wind tunnels. 
Present  resul ts  suggest that the minimum ratio of gap diameter to rod diameter needed 
for laminar flow control and noise attenuation is 0.16. Large vacuum capacities may then 
be required for wind-tunnel sound shields of sufficient length and diameter to achieve tes t  
Reynolds numbers approaching 50 X lo6. 



INTRODUCTION 

Unsteady disturbances in  the tes t  section of wind tunnels can have adverse effects 
on many aerodynamic char.acteristics. (See -refs. 1and 2.) These effects have been 
known for  many years ,  and extensive efforts have been made to build low-turbulence sub­
sonic wind tunnels. At high supersonic and hypersonic speeds, the major disturbance in  
the tes t  section is the noise radiated from the turbulent boundary layer on the walls of the 
nozzle. (See refs. 2 and 3.) At the present t ime, these disturbances can only be elimi­
nated by operating the wind tunnel at sufficiently low Reynolds numbers to maintain lami­
nar  boundary layers  on the nozzle walls. Under these test  conditions the boundary layers  
on models are also usually laminar and not representative of flight conditions. Therefore,  
the utility of wind tunnels under such conditions is limited. 

The noise radiated from a turbulent boundary layer at supersonic speeds is very 
directional (ref. 4) and cylindrical shrouds have been used in  attempts to prevent this 
noise from entering the tes t  region (ref. 5). However, the boundary layer on the wal l s  of 
the shroud usually becomes turbulent at relatively low Reynolds numbers, and this turbu­
lent boundary layer radiates noise into the shielded region (ref. 5). The range of Rey­
nolds number for which quiet operation is possible is then limited. In addition, some of 
the radlated noise impinging on the inner wall of the shroud would be reflected into the 
shielded region. 

To be effective, a shroud o r  shield must isolate the tes t  section from noise radiated 
by the turbulent boundary layer on the nozzle wall. Transition must also be delayed on 
the wal l s  of the shield to sufficiently high Reynolds numbers to permit natural transition 
of the boundary layer on models. Furthermore,  the shield must not produce any extrane­
ous disturbances that can affect the mean flow in the test section o r  over models. Finally, 
the shield must be practical from an engineering and economic standpoint. 

Except for complete isolation of a test reDon from rachated sound, the conceptual 
model described in reference 6 appeared to satisfy these requirements. This model con­
sisted of an a r ray  of circular rods forniing a planar surface. The rods were alined nearly 
parallel to the local flow with gaps between the rods for partial removal of the boundary 
layers on the rods. The rods then functioned somewhat like yawed infinite cylinders with 
a sweep angle approaching 90'. If the yawed infinite cylinder assumption is used, the 
transition Reynolds number would presumably depend on the diameter of the rods and not 
their length. Therefore,  i f  rods with a small  diameter a r e  used, the transition Reynolds 
number based on length can be made sufficiently large.  However, the da ine ter  of the 
rods cannot be made arbitrari ly small  because of stiffness requirements. 

The maximum transition length Reynolds number obtained on the stagnation line of 
the 0.61-m long (2-ft) conceptual rod model (ref. 6) w a s  about 14 X l o 6  - almost an order  
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of magnitude la rger  than that measured on a flat plate in  the same facility. The normal­
ized root-mean-square pressure  level in  the f r ee  s t ream was  reduced by about 45 percent 
in the partially shielded region of this model. The diameter of the rods and the gaps be­
tween them were 0.635 and 0.102 cm (0.25 and 0.040 in.), respectively, for the model of 
reference 6. When these dimensions were used to define requirements of a complete 
sound shield for a large tunnel, such as described in  reference 1, the suction mass  flow 
through the gaps was so large that the vacuum system for the shield became large and 
expensive. In order  to reduce this suction mass  flow and thereby reduce the size and 
cost  of the vacuum system, tes ts  have been conducted with the conceptual model (ref. 6) 
to determine the effect of reduced gap width on the maximum transition Reynolds numbers 
and noise attenuation. The purpose of this report  is to present experimental resul ts  and 
detailed theoretical analysis of boundary-layer behavior and transition parameters  show­
ing the effects of reducing the gap width. Comparisons with resul ts  from reference 6 are 
also given. Some experimental resul ts  f rom this investigation are presented in  
reference 7. 

SYMBOLS 

Values are given in both the International System of Units (SI) and U.S. Customary 
Units. The measurements and calculations were made in U.S. Customary Units. 

d rod diameter,  0.635 cm (0.25 in.) 

f frequency 

g minimum physical width of gaps between rods 

H total enthalpy 

M Mach number 

NSt Stanton number 

P pressure  

q total velocity vector 

R unit Reynolds number, pq/p 
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Rd 

RX 

Re  

S 

T 

U 

W 

X 


“eff 

6 

6* 

9w 


P 

P 

4 
4 


Reynolds number based on rod diameter,  (pq/p),d 


Reynolds number based on distance from leading edge of model, (pq/p),x 


Reynolds number based on boundary-layer momentum thickness, (pw/p) ,Ow 

surface distance around rods from windward stagnation line (measured in  
chordwise direction) 

absolute temperature 


chordwise velocity on rods in  s-direction 


spanwise velocity on rods in  x-direction 


distance along model from leading edge 


distance normal to top of rod model; also distance normal to rod surface 


t ransverse distance across  top of rod model 


model angle of attack in tunnel f ree  s t ream 


local effective angle of attack of rods 


boundary-layer thickness at  qIqe = 0.995 


displacement thickness of boundary layer based on chordwise component of 


spanwise momentum thickness, iuo6:[: - (%)I ay 


viscosity coefficient 


mass  density 


chordwise angle measured around rods from windward stagnation line 
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Subscripts: 


av average 


e edge of rod boundary layers  


g at minimum physical width of gaps between rods (4 = 90') 


r at  C$ = 180' on leeward side of rods 


s.? stagnation line of rods ($I = Oo) 


T transition 


t stagnation conditions downstream of normal shock 


U in chordwise direction 

W in spanwise direction 

0 tunnel stagnation conditions 

co local f ree-s t ream conditions behind oblique shock 

-
a, f ree  s t ream in nozzle flow 

Supersc ript s: 

(-1 root mean square of fluctuating quantity 

-
0 steady -state value 

APPARATUS AND TEST CONDITIONS 

Model 

The conceptual model of a sound shield used in  the present tes t s  is the same model 
used for the investigation reported in  reference 6. Sketches and photographs of the model 
are shown in figure 1. Circular rods were used during this investigation, and the gaps 
between the rods were reduced from 0.102 cm (0.04 in.) used in  reference 6 to 0.076 and 
0.043 cm (0.030 and 0.017 in.). 
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The model consisted of a sharp  flat plate that formed its leading edge, interchange­
able circular rods alined nearly parallel to the local flow, and a support structure.  The 
longitudinal rods were separated by spacers  a t  the front and rear that provided the desired 
gap width between the rods. . The rear support-member was a 1.27'-cm-diameter (0.50-in.) 
rod. Two 0.159-cm-diameter (0.0625-in.) threaded rods were also used to support and 
maintain the correct  gap width for the longitudinal rods (fig. l(a)). These threaded rods 
passed through rectangular webs that were attached to the lee side of the rods to stiffen 
the rods. Small nuts screwed on the threaded rods on each side of the webs (fig. l(a)) 
were used to maintain and adjust the correct  gap width between the front and rear sup­
ports. The upper sketch in figure l(a) shows a top view of the flat-plate leading edge and 
rod junction. The rods have a flat- to round-shaped transition section downstream of 
their junction with the flat-plate leading edge. The forward lower surface of the model 
(crosshatched area in fig. l(a))is a solid plate which shields the low-pressure side of the 
rods from noise generated by the boundary layer on the lower wall of the tunnel (fig. l(b)). 
This lower plate also helps maintain base pressure  inside the model when it is placed a t  
an angle of attack as illustrated in  figure l(b). Sufficient pressure  drop ac ross  the rod 
a r r ay  to obtain sonic c ros s  flow through the gaps was obtained by testing the model at an 
angle of attack. The purpose of sonic c ros s  flow a t  the gaps is to prevent transmission 
of noise from the lee side of the model into the shielded region. 

Two hollow rods (0.071-cm-thick (0.028-in.) walls) were instrumented with 2 1ther­
mocouples spaced evenly along their length and located at the top windward stagnation line. 
The diameter of the chromel-alumel thermocouple wires  was 0.0127 cm (0.005 in.), and 
they were spotwelded to the inside surface of the hollow rods to form the thermocouple 
junctions. The leads were brought out a t  the rear of the model. The standard transient 
technique was used to measure the heating rates .  

Five rods had pressure orifices located as illustrated in  table I: 

TABLE I: LOCATION O F  PRESSURE ORIFICES 

~~ 

Rod number X 
~~ 

(see fig. l(a)) cm in. 6,deg 
~ 

2 31.75 12.5 0 


2 31.75 12.5 180 

2 49.53 19.5 0 


2 49.53 19.5 180 


4 13.97 5.5 0 


4 13.97 5.5 180 

4 31.75 12.5 0 


4 31.75 12.5 180 

6 31.15 12.5 90 

6 31.75 12.5 90 

7 49.53 19.5 90 

I 49.53 19.5 90 

8 31.75 12.5 0 


8 31.75 12.5 180 

8 49.53 19.5 0 

8 49.53 19.5 180 
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The pressure orifices were 0.102 cm (0.040 in.) i n  diameter. The length of the pressure  
tubing was minimized to reduce lag. Capacitance-type pressure transducers were used 
that had seven ranges. Either automatic o r  manual range change was available. The 
accuracy of all pressure  transducers was 0.25 percent of the full-scale reading on the 
ranges used during these tests.  P re s su re  data were continuously monitored during each 
test ,  and data were recorded only when the readings became constant with time. 

Fluctuating Pitot Pressure  Probe 

The fluctuating pressures  in  the flow field of the rod model and in  the free s t ream 
of the wind tunnel were measured by use of a pitot probe. The probe, pressure transduc­
ers, and data-reduction methods were s imilar  to those described in reference 2 except 
that the design of the probe was changed. A drawing of the new probe is presented in  fig­
u re  2. The new design incorporated two 0.317-cm-diameter (0.125-in.) pressure trans­
ducers into one probe rather  than in  two separate probes as used in  reference 2. Two 
transducers are required in  order  to correct  the data for the effects of vibration. The 
exposed transducer was  mounted so that the pressure-sensing surface w a s  flush with the 
end of the pitot probe. This transducer was exposed to the disturbances in  the flow field 
as wel l  as to any forces due to acceleration caused by vibration. The other transducer 
was  recessed into the body of the probe and was therefore subjected only to the forces due 
to acceleration. The output of each transducer due to acceleration was matched from 
tests  where the transducers were interchanged. The sensitivity of the power supply was 
then adjusted so that the outputs of each transducer due to a given acceleration level were 
equal. After the matching process,  the transducers w e r e  calibrated. The net root-mean­
square ( rms)  pressure  was obtained by subtracting the mean square of the pressure indi­
cated by the covered transducer from the mean square of the pressure measured by the 
exposed transducer and taking the square root of this difference. By using this technique, 
the effect of acceleration is removed from the net results.  

During the present tes ts  the pitot probe w a s  a t  one location (x = 38.6 cm (15.2 in.), 
y = 2.858 cm (1.125 in.)) for all tes t s  as illustrated in figure 3 which also shows the 
approximate location of the model in the wind tunnel and a schematic representation of 
the radiated sound field. 

Wind Tunnel and Test  Conditions 

The model was tested in  the Langley Mach 6 20-inch tunnel (ref. 8). Tests  were 
conducted over a local unit Reynolds number range from 3 .3  X l o6  to 42.6 X lo6 per m 
(1.0 x 106 to 13.0 X lo6 per  ft) .  The ratio of wall temperature to f ree-s t ream total tem­
perature was about 0.62. Tests  were conducted a t  angles of attack of 5O and loo. 
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RESULTS 

Boundary- Layer Calculations 

The swept infinite cylinder theory described in reference 9 and applied in refer­
ences 6 and 10 was used to calculate the boundary layer on the rods. The variations of 
boundary-layer thickness 6 and boundary-layer displacement thickness 6" a t  the 
physical minimum (@ = 90°) of the gaps with local unit Reynolds number are presented in  
figure 4. These resul ts  are from a "first-order" calculation wherein the pressure dis­
tribution around the rods (calculated by the method of refs. 6 and 10) w a s  not modified to 
account for boundary-layer displacement effects. The figure shows that the boundary-
layer displacement thickness at @ = 90° can become large with respect to the gap s ize  
a t  low unit Reynolds numbers and small  gap widths. Hence, the inviscid flow through the 
gaps wil l  be significantly modified by viscous effects for these conditions. 

Figure 4 also shows that the calculated boundary-layer thickness a t  the minimum of 
the gap 6g (@ = 900) becomes larger  than the gap s ize  for R, = 16.4 x 106, 6.6 x 106, 
and 4.3 x 106 per m (.5 X lo6,  2 X lo6,  and 1.3 X lo6 per  ft) for  g/d = 0.068, 0.120, and 
0.160, respectively. Therefore, when unit Reynolds numbers a r e  reduced below these 
values, the flow in the gaps will be completely viscous and the present analysis based on 
the boundary-layer assumption is not valid. Of course,  the validity of the f i rs t -order  
boundary-layer analysis will become questionable a t  somewhat higher unit Reynolds num­
be r s  than these values primarily because of 6' displacement effects on the inviscid flow. 

Velocity and Mach number profiles a t  the physical minimum a rea  from the f i rs t -
order  calculation for the three gap widths considered are shown in figure 5 for  R of 
19.7 x 106 per m (6 x lo6  per ft) .  The u/ue velocity profiles have a distinct overshoot 
because of the large viscous heating by dissipation of the supersonic w component of 
velocity and the resulting reductions in density. (See ref. 11.) However, the Mach number 
profiles do not have an overshoot and as the ratio of gap width to rod diameter is reduced 
f rom g/d = 0.16 to 0.068, the extent of sonic flow is reduced from approximately 50 per­
cent of the gap width to essentially zero. Thus, in  order  to obtain effective shielding of 
lee side noise for the smaller  gap s izes  and lower Reynolds numbers, expansion to sonic 
velocity will have to occur downstream of the geometric minimum; this requirement is 
discussed later in  greater  detail. 

Pressure  Measurements and Analysis 

Rod static pressure.- Static pressures  were measured a t  axial stations of x = 13.97, 
31.75, and 49.53 cm (5.5, 12.5, and 19.5 in., respectively) on the rods of the model. Pres­
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s u r e s  were measured on the windward ray (@ = OO), at the physical minimum in the gap 
($ = goo), and on the lee side of the rods (@= 180O). (See table I.) As mentioned previ­
ously, the establishment of sonic c ros s  flow in the gaps is a major requirement for the 
proper operation of the shield. To help determine whether sonic c ros s  flow was obtained, 
the pressures  at $ = 180° and $ = 90° were expressed as rat ios  to those measured on 
the windward ray (@ = 0'). These pressure  ra t ios  are shown in figures 6(a) and 6(b). 

All the pressure ra t ios  on the lee side of the model (fig. 6(a)) are below 0.528 and 
indicate that sonic c ross  flow was obtained, at least  in  the inviscid flow, for all gap widths 
and at angles of attack of 50 and 100. The pressure ratios at $ = 90' (fig. 6(b)) for 
g/d = 0.160 a r e  less than or  equal to 0.528 for an angle of ,attack of loo and indicate that 
sonic c ross  flow was  obtained in  the inviscid flow a t  the geometric minimum. The trend 
with decreasing gap s ize  and decreasing Reynolds number, particularly at  an angle of 
attack of 5O, is to increase the gap pressure ratio above 0.528. Thus, for these conditions 
the boundary-layer displacement effect evidently moves the minimum flow a rea  toward 
the lee side of the rods,  expansion to sonic pressure occurring a t  an aerodynamic mini­
mum downstream of @ = 90°. 

Simple inviscid, one-dimensional flow requires that pg/psz 5 0.528 for sonic or 
critical cross  flow in the gaps. However, the boundary layer on the rods wi l l  not permit 
uniform sonic flow a t  the minimum area of the gap and some of the boundary-layer flow 
will be subsonic. (See fig. 5.) Thus, when the boundary-layer thickness approaches one-
half the gap s ize ,  the region of sonic flow is more limited. However, i f  pr is apprecia­
bly less than (0.528)psl, the c ros s  flow can expand to higher Mach numbers downstream 
of @ = 90°. If enough of the boundary-layer flow expands to sonic velocity downstream 
of the gaps, the propagation of sound from the lee side of the model back through the gaps 
into the shielded region would be more effectively blocked. 

To illustrate this effect of flow expansion downstream of the gaps, the viscous gap 
flow illustrated in figure 5 for g/d = 0.12, for example, w a s  expanded to pe lpsz = 0.29, 
which is close to the minimum pressure  measured on the lee side of the model (fig. 6(a)). 
The computed profiles shown in figure 7 resulted. Comparison of these theoretical 
resul ts  with the corresponding profiles in figure 5 where sonic flow occurs over about 
45 percent of the gap a t  @ = 90° shows that this percentage can be increased to 78 per­
cent a t  @ = looo provided the lee side pressure is sufficiently low. Hence, i t  may be 
anticipated that for the smaller  Reynolds numbers and gap widths, the back side o r  plenum 
pressure of the sound shield may have to be reduced below 0.528 of the s t ream static pres­
sure  to reduce the transmission of lee side noise into the shielded tes t  region. 

The requirement that the pressure  on the lee side of the sound shield be maintained 
at ,  o r  even below 0.528 of, the s t ream static pressure will also require expensive, large­
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capacity, low-loss vacuum ducting for a wind-tunnel sound shield. However, recovery of 
the kinetic energy of the gap flow would be expected to  reduce the ducting requirements. 
In order  to ascertain how much kinetic energy of the gap flow could be recovered for  an 
assumed ideal process ,  the calculated boundary-layer profiles at the gap ($ = 90') for 
g/d = 0.16 were integrated to  yield the average normal-shock pressure  recovery in 
the gap. The normal-shock pressure  recovery was  obtained for  each point on the resul­

tant Mach number profile (Mg = i w )by assuming constant static pressure  
(pg = 0 . 5 2 8 ~ ~ ~ )ac ross  the gap and applying Rayleigh's pitot formula. These recovery 
pressures  were then integrated ac ross  the entire gap to give an  average value. The aver­
age of the resultant Mach number was computed in the same way from the formula 

These average values are plotted in  figure 8 against unit Reynolds number. The average 
resultant Mach number and normal-shock pressure recovery ratios drop from 4.1 and 13.9 
(at R, = 32.8 X 106 per m (10 x 106 per f t ) )  to 3.5 and 9.8 (at R, = 9.84 x 106 per m 
(3 x 106 per ft)), respectively. The increasing boundary-layer thickness with decreasing 
Reynolds number has a substantial effect on the available pressure  recovery. The values 
of available pressure  recovery are based on normal-shock recovery which is probably 
optimistic because viscous dissipation and mixing downstream of the gap wi l l  reduce these 
normal-shock values further. However, the high levels of the normal-shock recovery 
pressures  calculated and shown in figure 8 indicate that careful design of the vacuum 
manifold for a wind-tunnel sound shield may substantially increase the pressure recovery 
and thereby reduce the s ize  and cost of the vacuum ducting system and increase the wind-
tunnel run time. 

Mean pitot p ressures  in  model flow field.- A survey of the flow field of the model 
~ _ _ _ E - ~ I -

with g/d = 0.12 and Q! = loo was made with a multitube pitot rake located at 
x = 38.6 cm (15.2 in.). The resul ts  obtained in  a horizontal plane 2.86 cm (1.125 in.) 
above the rods are presented in  figure 9(a). Figure 9(b) presents the tunnel pitot pres­
su re  and corresponding Mach number calibration, 2.54 cm (1in.) above the tunnel center 
line. The decrease in  the levels of the pressure ratios in the model flow field (figs. 9(a) 
and 9(b)) with increasing Reynolds number is consistent with the decrease in tunnel free-
s t ream pitot pressure and the corresponding Mach number increase with increasing Rey­
nolds number. The slight downward slope of the data with increasing z in figure 9(a) is 
believed to be due to nonuniformities in the tunnel mean flow (ref. 12). The wavy spanwise 
irregularit ies observed for R, 2 16.01 X 106 per m (4.88 X 106 per f t )  may be due to the 
increased suction obtained at higher Reynolds numbers (decreased 6*)  , although a definite 
correlation with gap location is not evident. 
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A survey of the pitot p ressures  was also made normal to the planar surface of the 
model above a rod located on the model center line. The resul ts  are shown in  figure 9(c). 
Measured pitot p ressures  increased slightly as the distance from the windward ray in­

creased from 0.635 to 3.175 cm (0.25 to 1.25 in.). Except at R, = 11.1X lo6 per  m 

(3.4 x 106 per f t ) ,  the pitot p ressures  decreased significantly as the distance from the 

probe to the rod decreased below 1rod diameter. The anomalous behavior at 

R, = 11.1x 106 per m (3.4 X 106 per  ft)  may be due to  the occurrence of transition o r  an  

indication of a change in  the vortical flow structure  on the rods as discussed previously 

(ref. 6). These vortices are believed to originate in the flow field of the model at the 

transition region between the flat plate and the circular rods. Although the flow unifor­

mity appears to be good, some improvements may be possible by modification of the 

transition region. 


Heat Transfer 

The data obtained from the thermocouples on the windward ray were reduced to heat­
ing ra tes  by using the calorimetric method with the effect of the curvature and thickness 
of the rod wall included in the calculation. These resul ts  a r e  presented in the form of 
Stanton number as a function of local Reynolds number in figures lO(a), 10(b), and 1O(c) 
for g/d = 0.16, 0.12, and 0.068, respectively. The heat-transfer resul ts  presented in  
reference 6 and repeated here  in figure lO(a) show that the heating r a t e s  on the windward 
ray of the rods were s imilar  to those for an isolated swept cylinder. That is, a t  a given 
unit Reynolds number, the Stanton number is constant with length Reynolds number when 
the boundary layer is either laminar o r  turbulent. The Stanton number increased only 
when transition occurred on the windward ray.  The present resul ts  indicate that these 
trends for the Stanton number also apply to the present data with normalized gap widths 
of 0.12 and 0.068 (figs. 10(b) and lO(c)). The most important result  shown in figure 10 is 
the marked decrease in  the transition Reynolds numbers as the gap width is reduced. The 
transition Reynolds numbers are taken as those values where the heating ra tes  first begin 
to increase above the laminar level. These transition data are discussed in the following 
section. 

The level of laminar heating at the stagnation line agreed very well  with the "uncor­
rected" first-order theory (with external pressure distributions determined by assuming 
6* = 0) for g/d = 0.16 and 0.12. This resul t  is shown more clearly in  figure 11where 
the Stanton numbers obtained by fairing horizontal lines through the laminar data of fig­
ure  10 are plotted against unit Reynolds number. However, when g/d = 0.068, the heating 
rates are much higher than the theoretical predictions. The reason for this resul t  is not 
known at the present t ime since it was expected that the heating rates for this case would 
be lower than predictions due to viscous effects which would reduce the flow through the 
gaps and thereby reduce the cross-flow velocity gradient at the stagnation line. The 
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observed increase in  the heating ra te  for g/d = 0.068 might be due to vortices generated 
by the flat-plate-rod fairing section as discussed in  reference 6. If viscous effects re­
s t r ic t  the flow through the gaps, the vortices could not readily pass  through the gaps and 
would tend to modify the flow in the vicinity of the stagnation line. This possibility is 
supported somewhat by the data for g/d = 0.068 shown in figure 11. At the higher unit 
Reynolds numbers where the flow through the gaps is not as restr ic ted as at lower unit 
Reynolds numbers, the heat t ransfer  to the stagnation line appears to be approaching the 
laminar theory. 

It was expected that theoretical solutions utilizing the calculated chordwise pressure 
distribution around the rods corrected for boundary-layer displacement effects would be 
in  closer agreement with the data. Such solutions were obtained for g/d = 0.12 and the 
resul ts  are shown in figure 11. The heating ra tes  for the corrected solutions a r e  lower 
than the data, the difference increasing with decreasing Reynolds number. The reason 
for this increasing difference between the uncorrected and corrected theory is evident 
from the corresponding chordwise velocity distributions (computed by the one-dimensional 
cross-flow method of refs. 6 and 10) around the rods. These normalized chordwise veloc­
ity distributions are .plotted against a r c  length in  figure 12(a) for g/d = 0.12 and 
R = 9.84 x lo6  per m (3 X l o6  per ft). The stagnation region velocity gradient is smaller  
when the 6* correction is included. As the gap is approached, the corrected gradient 
becomes larger  than that for the uncorrected curve. The magnitude of the velocity with 
6* corrections is lower and has a slight downstream shift of the sonic point because of 
the 6* displacement effect. This effect also reduces the values of aeff (see fig. 1) 
which are shown in figure 12(a) for  this case.  The corresponding stagnation-line velocity 
gradients a r e  plotted in  figure 12(b) against Reynolds number based-on rod diameter. 
Since the 6* correction tends to reduce the theory below the data for the g/d = 0.12 
case (fig. ll),i t  may be concluded that the higher heating levels of the experimental data, 
for both g/d = 0.068 and 0.12, are probably due to the vortices mentioned previously. 
The decrease in  slope of the corrected theoretical solutions (see dashed line in fig. 11) as 
the Reynolds number decreases  is s imilar  to the trend exhibited by the data for 
g/d = 0.068 when R < 11.48 X lo6 per m (3.5 X 106 per ft) .  

Transition 

Transition Reynolds numbers were obtained from the heat- transfer data by estimat­
ing the highest Reynolds number where the Stanton number w a s  consistent with laminar 
values. This was done by fairing a curve through the laminar and transitional Stanton 
numbers and takmg the intersection of these two lines as the beginning of transition. 
Transition Reynolds numbers are presented in figure 11 as a function of the local unit 
Reynolds number for g/d = 0.068, 0.12, and 0.16. Transition data were also obtained by 
using the fluctuating pitot probe, and these data a r e  discussed later.  Figure 13 shows that 
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the largest  transition length Reynolds numbers were approximately 14 X 106, 7 X 106, and 
3 x lo6 for g/d = 0.16, 0.12, and 0.068, respectively. Thus, there  was a substantial re­
duction in  the maximum transition Reynolds number as gap s ize  was reduced. This re­
duction in  transition Reynolds number is probably due to the fact that at a given unit Rey­
nolds number the flow in the gaps becomes more viscous as the gap s ize  is reduced. This 
condition res t r ic t s  the flow through the gaps and the flow over the model becomes s imilar  
to the flow over a flat plate ra ther  than to that of an  isolated swept cylinder. This rea­
soning is supported by the transition data in  figure 13 for g/d = 0.068. After transition 
moved onto the model, the variation of the transition Reynolds number with unit Reynolds 
number has about the same slope as that for a flat plate. 

The transition data obtained from the heat-transfer resul ts  a r e  presented in  fig­
u re  14 in the form of distance from the leading edge to the location of transition as a func­
tion of unit Reynolds number. This figure better i l lustrates the similarity between the 
movement of transition on the flat plate and the rod model for g/d = 0.068 and 0.12 at 
angles of attack of 5 O  and 10'. However, for g/d = 0.12 and 0.16 and a! = loo, transi­
tion moves forward with increasing R, more  rapidly on the rod model than on a flat 
plate. These resul ts  again suggest that transition might be controlled by a different 
mechanism for the larger  gap widths of g/d = 0.16 and 0.12 at a! = 10' than for the 
smaller  gap widths and angles of attack. 

The values of the unit Reynolds number where transition f i r s t  moves onto the rod 
model a t  a! = 10' a r e  plotted against g/d in figure 15. This figure i l lustrates the 
large effect of gap size on the transition Reynolds number and shows that the data for 
the rod model with g/d = 0.068 approach the value for the flat plate. (The flat-plate 
datum point w a s  obtained by extrapolating the data from reference 12 to x = 0.61 m 
(24 in.).) For comparison with transition correlations on swept cylinders, the Reynolds 
number based on diameter of the rods is shown on the right-hand side of figure 15. The 
maximum transition Reynolds number based on rod diameter for g/d = 0.16 approaches 
the transition Reynolds numbers obtained on isolated swept cylinders with root distur ­
bances (ref. 13). Therefore,  i f  root (leading-edge) disturbances are dominant in the 
transition process on the present model, this ratio of gap width to rod diameter of 
g/d = 0.16 may provide the maximum transition Reynolds number attainable unless mod­
ification of the leading edge of the model can reduce the disturbances originating a t  the 
region of the flat plate and rod junction. However, the local inviscid flow and velocity 
gradients around the rods a r e  much different from those on isolated cylinders because of 
the artifically induced c ross  flow produced by the angle of attack of the model and the 
mutual interference between adjacent rods. Because of these effects , a further increase 
in  gap s ize  may increase Rd,T above the correlation level of about 2 x 105 (fig. 15). 

Transition c r i te r ia  other than Rd must a lso be considered to evaluate and extrap­
olate the performance of the present model to the design of a wind-tunnel sound shield. 
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According to Pfenninger (ref. 14), the stagnation-line momentum thickness Reynolds num­
ber  is a valid transition cri terion for swept cylinder flows. Figure 16(a) presents the 
calculated stagnation-line momentum thickness Reynolds number for  laminar boundary 
layers ,  based on the streamwise boundary-layer profiles, as a function of unit Reynolds 
number. As expected, ReywySlvaries  as the square root of R, when no 6* correc­
tion is included. As gap size increases ,  the stagnation-line velocity gradient increases  
with a corresponding decrease in  the level of the momentum thickness Reynolds number. 
Also shown in the figure for g/d = 0.12 is the variation of Re,,,,l with R, when the 
6* correction for the velocity distribution (see fig. 12) is included in  the theory. The 
increased level and change in slope as the Reynolds number decreases  is consistent with 
a smaller  stagnation-line velocity gradient with increasing 6*. Also shown in fig­
u re  16(a) are the values of R ~ , w , s z  corresponding to the unit Reynolds numbers a t  which 
transition moved onto the model base for g/d = 0.12 and 0.16 based on the heat-transfer 
data. (See figs. 13 and 14.) The values of R e y w Y s l , ~for g/d = 0.16 and from the cor­
rected curve for g/d = 0.12 are 390 and 360, respectively. No 6* correction w a s  
included for g/d = 0.16 because for this large gap a t  the high Reynolds number at  which 
transition w a s  observed, the effect of the correction was expected to be small. Also 
shown in the figure a r e  levels above which transition would be expected to occur 
based on the cr i ter ia  of reference 14. The calculated values for the rod model a r e  much 
higher than these levels, probably because levels from reference 14 a r e  based on sub­
sonic data at  low to moderate sweep angles. 

If the R ~ , w , s ~values of 360 to 390 represent a preliminary "correlation" for 

transition, then an estimate based on trends from figure 16(a) indicates, for example, that 
transition should occur a t  R, 29 X l o6  per  m (9 X 106 per  f t )  for g/d = 0.2. Thus, a 
25-percent increase in  gap s ize  (from g/d = 0.16 to 0.2) may increase transition Rey­
nolds number by about 30 percent. The benefits f rom this possible increase in transition 
Reynolds number, which would have to be verified by further tes ts ,  would be a t  the ex­
pense of an increase in  suction mass  flow of about 25 percent for a wind-tunnel sound 
shield. (See ref. 15.) 

Figure 16(b) presents a plot of the stagnation-line momentum thickness Reynolds 
number against the measured transition length Reynolds number for g/d = 0.16 and 0.12. 

The data points for the present investigation are the transition values of R, T a t  the 
7 

corresponding values of R, (fig. 13) which are then used to enter figure 16(a) to obtain 

R ~ , w , s l , ~ .Also shown in figure 16(b) a r e  subsonic data for a 45O swept, blunt-leading­

edge wing (ref. 16) with and without suction through chordwise slots. Although the pres­
ent rod model and the wing of reference 16 are entirely different configurations and were 
tested a t  different Mach numbers, the effect of suction on the wing and the effect of in­
creasing the gap width of the rod model are s imilar  i n  that the levels of R x , ~are in­
creased for both configurations with little change in  R ~ , w , s l , ~ .In view of the large dif­
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ferences in Mach number and flow geometry of the two experiments, it is encouraging that 
the values of Re ,w , sz ,~  are not too different. These two resul ts  suggest that the general 
characterist ics of the flow for the two experiments are probably s imilar .  

In summary, figures 13 to 16 i l lustrate the severe reduction in  the transition Rey­
nolds number obtained on the rod model as the gap width is reduced. Hence, it may be 
concluded that a wind-tunnel sound shield utilizing 0.635-cm-diameter (0.25-in.) rods 
should be designed with 0.102-cm (0.040-in.) gaps. Larger capacity vacuum ducts will 
then be required to handle the higher mass  flows than would have been possible with the 
smaller  gap widths. 

Fluctuating Pitot Pressure  Measurements 

In order  to determine the effectiveness of the rod model for shielding a flow field 
from radiated noise, i t  is necessary to know the maximum possible noise reduction for an 
ideal sound shield. Laufer (ref. 17) suggested that the total sound intensity (mean square 
of pressure fluctuations (i)2)in a high Mach number wind tunnel with a square tes t  sec­
tion is composed of approximately equal contributions of direct  radiated noise from the 
turbulent boundary layer on.each of the four nozzle walls and there  would be little o r  no 
reflection of sound from opposite tunnel walls. In order  to verify this effect, Laufer mea­-
sured the noise intensity ( P ) ~ ,i n  the free  s t ream due to a tripped turbulent boundary 
layer on only one wall when the other wa l l s  were laminar. This measured intensity w a s  
approximately one-fourth of the mean square intensity measured when all four tunnel 
walls were turbulent. Hence, i t  appears that there are equal contributions of direct  radi­
ated noise from each of the four tunnel wa l l s  and that no correlation between them exists. 
That is, the r m s  pressure fluctuations from one wal l  would be equal to one-half that of the 
total from four wails. 

The rod model is planar and is mounted approximately on the tunnel center line (see 
fig. 3); therefore, by following Laufer's reasoning (ref. 17), the model can at  best shield 
a probe mounted within i t s  "shadow zone" from approximately one-half the total noise 
ictensity generated by the turbulent boundary layers  on the tunnel walls. This statement 
assumes that the contributions of all four walls a r e  equal. It also assumes that the pres­
ent model would provide the same noise shielding as an ideal flat plate (no noise reflection 
or generation by the plate) that spans the tunnel. The reductions in  tunnel r m s  pressure  
levels were determined by first normalizing the net pressure level measured within the 
rod model flow field by the measured local mean pitot pressure.  These normalized r m s  
pressure  fluctuation levels i n  the flow field of the model expressed as rat ios  with the cor­
responding normalized levels in  the free s t ream are presented in  figure 17. This figure 
shows that when the rod boundary layers  were laminar,  the rod model with g/d = 0.16 
reduced the normalized r m s  pressure  levels by about 45 percent. For g/d = 0.068 
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and 0.12, the r m s  pressure  levels were reduced by about 40 percent when the rod bound­
a ry  layers  were laminar. 

The measured reductions in r m s  pressure  levels of 45 and 40 percent correspond 
to decreases  in  mean square pressure (intensity) of approximately 70 percent and 64 per­
cent, respectively. These reductions are larger  than the 50-percent reduction in  intensity 
(mean square of pressure fluctuation) expected on the basis of the reasoning in refer­
ence 17. The increased r m s  pressure  reductions measured in  the present experiments 
are probably due to asymmetry of the probe location and model position in  the test sec­
tion. That is, the locus of points representing the acoustic origins seen by the fluctuating 
pitot probe placed in the model flow field is a complex curve for a two-dimensional nozzle, 
particularly a t  a test-section Mach number of 6 and for the present model geometry. It is 
not clear that contributions of radiated noise from the four tunnel wal l s  would be equal 
under these circumstances. Consequently, the 50-percent reduction in intensity that 
might be expected for an ideal flat shield is probably not applicable to the present wind-
tunnel experiment. Another possible explanation for the larger  attenuation in the intensity 
of the pressure  fluctuations in the present tests as compared with the maximum theoreti­
cal 50-percent attenuation of an ideal flat shield is the interaction o r  refraction of the com­
plex directional radiated sound field with the shocks, sl ip lines, and other nonuniform flow 
conditions in the model flow field. Obviously, additional experiments, probably with a 

Also, tes ts  of anhot-wire anemometer, will be needed to clarify the present results.  
actual sound shield that completely encloses a tes t  region (ref. 15) a r e  required. 

Another important result  shown by the data for g/d = 0.12 in figure 16(b) is that 
the r m s  pressure level measured over a rod is only slightly higher than that measured 
over a gap, transition being indicated at the same unit Reynolds number. Thus, except 
for unknown "edge" effects, the r m s  pressure field should be essentially uniform within 
the shielded region of a sound shield. 

For each gap size there is a pronounced increase in the r m s  pressure level when a 
certain unit Reynolds number is reached. This increase in the r m s  pres­(See fig. 17.) 
sure  level is caused by transition of the boundary layers on the rods a t  the acoustic origin 
of the disturbances sensed by the probe. There is a significant decrease in this unit Rey­
nolds number for transition when the gap width is reduced. 

Transition Reynolds numbers were calculated from the r m s  pressure  measurements 
by using the distance from the leading edge of the model to the acoustic origin and the unit 
Reynolds numbers a t  which the r m s  pressure levels began to increase rapidly from the 
lowest levels indicated in  figure 17. These resul ts  are presented in figures 13 and 14 and 

show that the transition length Reynolds numbers and XT values from the pitot probe 
data a r e  significantly lower than those obtained from the heat-transfer ra tes  for 
g/d = 0.068 and 0.12. The reason for this difference is believed to be due to the fact that 
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transition occurred around the rods before moving onto the stagnation line. The thermo­
couples at the stagnation line would not sense transition off the stagnation line, but the 
probe would. That is, this behavior of transition for the smaller  gap settings would sug­
gest  that the spreading angle for turbulence is such that the effects of turbulence moved 
downstream from x = 24.64 cm (9.7 in.) and C#I = 90° to x = 60.96 c m  (24in.) and 
C#I = 00 as i t s  effect propagated downstream and around the rods. 

For g/d = 0.16, the transition Reynolds numbers and XT values based on the 
fluctuating pitot p ressure  data are only slightly smaller than those from the heat-transfer 
data. Thus, for the largest  g/d value, transition appears to move forward rapidly from 
the model base,  more in  accordance with expected transition behavior on a swept cylinder 
without tip effects. 

Noise Spectra 

Examples of spectra  obtained with the pitot probe located in  the flow field of the rod 
model with g/d = 0.16 and with the model at an angle of attack of loo (ref. 6) are shown 
in figures 18. For  the data in  figure 18(a)the boundary layers on the rods were laminar. 
The shape of the spectra in the flow field of the model and tunnel f ree  s t ream are s imilar ,  
peak output occurring at  low frequencies. This shape is s imilar  to those obtained when 
the boundary layer on the tunnel wal l  is turbulent. This result  suggests that when the flow 
on the rods is laminar,  the r m s  pressure  levels in  the model flow field are dominated by 
the turbulent boundary layer on the nozzle wall. The spectra  for a local unit Reynolds 
number of 42.7 X lo6 per m (13 X l o6  per ft) a r e  shown in figure 18(b). There is a gen­
eral increase in the noise level in the model flow field. This increase is especially pro­
nounced at  frequencies above 55 kHz. The shape of the curve suggests that the flow on 
the rods is not yet a fully developed turbulent boundary layer which would presumably 
radiate noise only at  very high frequencies. 

Figures 19(a), 19(b), and 19(c) show spectra  for g/d = 0.068 and 0.12 when the 
boundary layer on the rods w a s  laminar. The trends for these gap spacings are s imilar  
to those for g/d = 0.16 when the boundary layer on the model was laminar. Also, the 
spectra  measured in  the flow field of the model and those measured in  the f ree  s t ream 
(fig. 19(d)) are very s imilar  and indicate that when the boundary layer on the model w a s  
laminar,  there  w e r e  apparently no significant extraneous pressure  disturbances generated 
by the rod model that entered the semishielded region. 

Spectra measured when the pitot probe was over a gap (fig. 19(b)) and over a rod 
(fig. 19(c)) indicate that the spectral  distribution of the noise is uniform across  this por­
tion of the span of the model. Therefore,  the slight increase in  the level of the noise mea­
sured over a rod (fig. 17) is due to a general  increase of the noise level a t  all frequencies. 
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CONCLUSIONS 

A 0.61-m long (2-ft) planar sound shield model was tested in  the Langley Mach 6 
20-inch tunnel. The model consisted of 0.635-cm-diameter (0.25-in.) rods that were 
almost alined with the local flow direction with gaps between the rods for boundary-layer 
removal. Data were obtained for  three different gap settings corresponding to ratios of 
gap width to rod diameter (g/d) of 0.16, 0.12, and 0.068. Tests were conducted over a 
local unit Reynolds number range from 3.3 X 106 to 42.6 X 106 per m (1.0 x lo6 to 
13.0 x 106 per ft) .  The rat io  of wall temperature to f ree-s t ream total temperature was 
about 0.62. The model was tested at angles of attack of 50 and loo. 

In general, the most important factors involved in the design and performance of a 
supersonic wind-tunnel sound shield are the rod diameter,  gap width, unit Reynolds num­
ber ,  and design of the leading-edge fairing and rod support structure to minimize flow 
disturbances. Also, i t  is important to determine whether any pressure recovery of the 
supersonic flow in the gap can be realized since the cost of the vacuum ducting system 
could then be reduced and the tunnel run time could be increased. 

Specific conclusions are as follows: 

1. Fluctuating pitot-pressure measurements showed that a 45-percent reduction of 
the normalized root-mean-square (rms)  pressure  level was obtained with a g/d of 0.16. 
This large s ize  gap requires  large vacuum capability. Smaller gap s izes  were therefore 
tested since the suction mass  flow requirements for a wind-tunnel sound shield would 
thereby be reduced. The results indicate that the smaller  gaps (g/d = 0.12 and 0.068) 
provided a t  most a 40-percent reduction of the normalized r m s  pressure  level when the 
boundary layers  on the rods were laminar. These measured reductions in r m s  pressure 
levels are larger  than the theoretical possible maximum of about 30 percent that would 
be expected for an ideal flat plate mounted a t  the tunnel center line and spanning the tes t  
section. The reasons that the measured reductions are larger  than the theoretical value 
are possibly related to asymmetrical  probe and model locations in the tunnel o r  to reflec­
tion and refraction effects on the tunnel sound field of the model shock and flow field. 

2. The maximum transition Reynolds number was substantially reduced as gap 
s ize  was reduced. This reduction in the transition Reynolds number is believed to be 
due to viscous effects which restrict the flow through the gaps. Transition behavior for 
g/d = 0.068 bears  a strong resemblance to the behavior of transition on a flat plate. 
For the largest  gap, however, the maximum transition Reynolds numbers approach those 
obtained on isolated swept cylinders with root disturbances. Hence, this largest  gap 
width may be close to the minimum size needed to obtain this swept cylinder behavior. 
Thus, larger  vacuum capacities a r e  required for  a wind-tunnel sound shield application 
than would be possible with the smaller  gaps. 
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3. A comparison of transition Reynolds numbers as indicated by the fluctuating 
pitot probe and by the measured heating rates indicates that for g/d rat ios  of 0.068 
and 0.12, transition first occurs  off the stagnation line and spreads downstream and 
around the rods to the stagnation line. For g/d = 0.16, transition moves abruptly for­
ward from the model base and the corresponding transition Reynolds numbers based on 
the two different techniques are in  close agreement. Even though the transition behavior 
is different for the two gap width-diameter ratios of 0.12 and 0.16, the "spanwise" 
momentum thickness Reynolds numbers at the rod stagnation lines are nearly the same 
when transition moves onto the model base. 

4. The uniformity of the mean flow above the rods appears to be good except in  the 
region within 1rod diameter of the top of the rods where the flow may be influenced by 
vortices caused by the flat plate to round rod fairing region. Optimization of this fairing 
region may improve the flow uniformity and increase transition Reynolds numbers. 

5. Boundary-layer calculations show that viscous effects become significant at 
lower unit Reynolds numbers for the small  gaps. These viscous effects cause a smaller 
percentage of sonic c ros s  flow to occur at the geometric minimum. However, if  the lee 
side pressure is sufficiently low, more sonic flow can be obtained by expansion of the 
flow downstream of an aerodynamic minimum. Results indicate that inviscid sonic flow 
at the geometric minimum was obtained for g/d = 0.16 a t  an angle of attack of loo. 
Lee side pressure data for the two smaller  gaps indicate that expansion to inviscid sonic 
flow occurred at an effective aerodynamic minimum downstream of the geometric mini­
mum for angles of attack of 5 O  and loo. 

6. Calculations indicate that if normal-shock pressure  recovery of the supersonic 
flow through the gaps could be obtained, vacuum manifold pressures  for a wind-tunnel 
sound shield could be increased to levels as much as 10 t imes higher than s t ream static 
pressure and still maintain inviscid sonic c ros s  flow at the gaps. Although viscous mix­
ing losses  on the lee side of the rods will probably limit the actual pressure  recovery, 
large savings in  vacuum duct s ize  and cost should be possible i f  even a fraction of the 
normal-shock recovery could be realized. 

7.  A comparison of stagnation line heating with theoretical solutions shows that the 
trends of the data resemble those of the boundary-layer solutions with displacement thick­
ness  corrections, but the levels of the data are in  closer agreement with solutions obtained 
from a strictly inviscid external flow assumption. This difference in  the levels may be 
due to increased heating rates caused by vortices generated at the region of transition 
from flat plate to rod. 

Langley Research Center 
National Aeronautics and Space Administration 
Hampton, Va. 23665 
October 7, 1975 
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(a) Sketch of model construction details. 

Figure 1.- Design and requirements for flat-plate rod model. 
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(b) P h o t o g r a p h  of model and sketch of flow field. 

Figure 1.- Concluded. 
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a function of unit Reynolds number. g/d = 0.16; @ = 900; CY = loo. 
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Figure 9. - Continued. 
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Figure 13.- Variation of transition Reynolds number with unit Reynolds 
number at various gap spacings. a = 10'. 

40 




- - - - - 

I 


Data 
LI Heat 
Pt t r ans fe r  

e o 

A n 
63 0 a 

cm. A 


"1 in. 
25 


Smooth solid 
flat plate, Mm = 

L7 = 100 
[ ref .  121  

' 
a,deg

'1 
g/d 
0.068 

.120 

.160 

.068 

.120 


/-IEnd Of 

Open symbols for laminar;  
solid for onset of transit ion.  

Ar rows  indicate highest observed unit 
Reynolds numbers  fo r  which flow on 
en t i r e  model was  laminar ,  a t  (2 = 10' 

6, 


Beginning of rod - Leading edge junction 

- - -

I 1 1- I I I I l l .  1 
j 2 4 6 8 10' 2 x 10" per ft  

1 . 1 I I I l l 1  I I I I 1 

3 x106 4 6 8 lo' 2 4 6 x lo7 p e r  m 
Rm 

Figure 14.-Effect of gap spacing and local unit Reynolds number on transition location. 

.. ... 



2 x 106L 6 I I I I 
0 .04 .08 .12 .16 

g/d 

Figure 15.- Effect of gap width on transition Reynolds number at 
model base. a! = loo; d = 0.635 cm (0.25 in.). 

.20 



(con2yi;aqtion 

60C 

50C 


400 


30C 
R e ,  w, sl 

20c 


1oc 

@ R,for transit ion at model base  
from heat-transfer data 

Theory 
g / d =  0.12 /

/' 
correc ted  fo r  6* 

Tentative "correlation" 
for transition 

g/d 
0.12 


0.16 


"Spanwise" 

) 
106 2 4 6 8 107 p e r f t  

I I I I I I I 
Y x lo6 4 6 8 l o 7  2 3 X 107 p e r m  

R, 

(a) Theoretical variations of RO,,,,L with R,. 

Figure 16. - Stagnation-line momentum thickness Reynolds number 
as a criterion for transition. 

43 




Corrected 
-g for  
d 6" Ref. 

0 0.12 Yes Present  
0 0.16 No Present  

l o 3  - A - - 16 Zero suction 
- + - - 16 With suction 

8 ­
-

6 ­
-

4 ­ 


-
Re,w,sL,T 

2 ­

1o2 ~ L.L L U.L-­
1 _.._L1 

(b) Variation of momentum thickness Reynolds number at transition 

with transition Reynolds number based on xT. 

Figure 16.- Concluded. 

44 




- - -  

1.0 ­

c 


Pate and Schueler 

.8 - Shroud, M = 3 
(Ref. 5) 

-

.6 - -d- -
Theoretical value - fo r  ideal flat plate 0 

.4 R 
"9T 

r m s  Probe E/d Der m Der ft-,  

Over rod on 0 0.068 4 . 2 7 ~  1.30 x10m6 Unit Reynolds
center line 0.120 11.48 x 3.50 x number at

.2 transition for10 0.160 23.00 x 7.00 x l o m 6  heat-t ransfer 
Over gap off 0.120 11.48 x 3.50 x data 
center line 

0 
l o 6  2 4 6 8 lo7  2 4 6 x  107 per  m 

Figure 17.- Variation with R, of normalized root-mean-square pitot pressure 
with unit Reynolds number. 



---- ---- --- 

y-\ 
\ 
\ 
\ 
\ 

Tunnel f ree  stream; ct / G t  = 0.01629 

\\
\/

\'.
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\...­

= 0.00877 

I I I I I I I 
60 75 90 105 120 135 150 

f ,  kHz 

(5.42 X 106 per ft); R, = 26.3 x 106 per m (8 X lo6 per ft). 

I 
I 
I I 

0 15  

(a) Laminar; 

Model flow field; 

I I 
30 45 

Rz = 17.8 X lo6  per m 

Figure 18.- Spectra of pressure fluctuations in  tunnel f ree  stream and 
in  model flow field (ref. 6). Mz = 6; o! = loo; g/d = 0.16. 



--.-

/-Model flow field: z L / i L= 0.012831 

~~ ~ ~ ~~ 

15 30 45 60 75 90 105 120 135 150 

f ,  kHz 


(b) Turbulent; Rz = 28.7 X lo6 per m (8.73X lo6 per ft); R, = 42.7 X 106 per m (13X lo6 per ft). 


Figure 18.- Concluded. 

0 



I. I I I I I I I I I 

0 16 32 48 64 80  96  112 128 144 160 


(a) g/d = 0.068; Rz = 4.98 X l o 6  per m (1.52 X 106 per ft); itiPt = 0.013. 

Figure 19.- Typical spectra in flow field of rod model when boundary layer on rods 
is laminar. Mz = 6;  a = 10'. 

I 



1 I I I I I I I I I 
16 32 48 64 80 96 112 128 144 160 

f ,  kHz 

(b) g/d = 0.120; probe over gap; Rz = 5.18 X IO6 per m (1.58 X 106 per f t ) ;  Ftt/Pt = 0.014. 

Figure 19. - Continued. 
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